Introduction
Current models of the adult hematopoietic function consider that active bone marrow (ABM) is homogeneously distributed within the intraosseous space of the whole axial skeleton, as well as in the hips and in the proximal epiphyses of humeri and femurs. 1 Accordingly, regardless of the sampling site, cellular and molecular analyses based on bone marrow (BM) aspiration or biopsy represent the standard for diagnosis, staging, and response assessment in the vast majority of blood disorders. 2 This notion implies that any modification of BM composition occurs almost synchronously in every BM district and that the circulation of a limited number of hematopoietic stem cells (HSCs) accounts for the tight adjustment of hematopoiesis to blood cell demand.
This physiological feature is a key mechanism of BM transplantation. Reconstitution of recipient hematopoietic function is possible with as little as 1% of donor BM, indicating a significant redundancy in the HSC reservoir in normal humans. 3 This small quota of donor BM can spread throughout the different skeletal segments and, following a considerable proliferative process, restore the host cell production and maintain the hematopoietic function indefinitely. 3 Nevertheless, our limited knowledge about extension, distribution, and activity of transplanted BM cells in humans has prevented so far a full comprehension of determinants of its engraftment in various BM districts and its impact on transplantation outcomes.
The concept of even distribution of hematopoietic cell subsets has been recently challenged in the mouse model of BM transplant, 4 indicating that HSCs are not homogeneously distributed in the various BM areas. In addition, that study showed that granulocyte colony-stimulating factor (G-CSF) treatment plays a role in redistributing HSCs. On the other hand, the murine hematopoietic system significantly differs from human BM, as mice cannot possibly expand their hematopoietic system because their baseline blood elements production effort employs the whole BM as well as the spleen. 5 Conversely, in adult humans, only a proportion of BM spaces are occupied by functioning marrow. 1 Some simple mathematical considerations might help to better define the importance of volumetric availability in the context of HSC turnover: overall, BM produces an average of 10 11 granulocytes and 10 11 erythrocytes per day. 6 Because volumes of these cells are 200 to 300 fL and 90 fL, 7, 8 respectively, this activity roughly corresponds to a BM cell output averaging 30 to 50 mL per day. Considering a total BM asset of 10 12 cells corresponding to 520 mL, 9, 10 this would imply a cell renewal rate of 10% per day, to account for the baseline physiological regenerative demand of adult subjects. In the posttransplant setting, engrafted HSCs are required to undergo a tremendous proliferative effort to restore the normal blood elements values in the shortest possible time. The reconstitution ad integrum of the entire stem cell pool remains disputed, but this is beyond the scope and the possibilities of the present approach. 10, 11 Restoration of normal hematopoiesis could be theoretically met using 2 different strategies. In the first scenario, HSCs could increase their proliferation rate within the standard active hematopoietic sites. 12 Alternatively, HSCs could recolonize intraosseous spaces that were abandoned because they were redundant for the standard homeostatic need, thus restoring the hematopoietic asset classically described in infancy. 13 These 2 different patterns would imply divergent signaling mechanisms, whose relative contribution is yet undefined, because of the obvious concerns in performing repeated BM biopsies in multiple bone segments. Limited data are available on BM extension, distribution, and activity following HSC transplant, thus limiting our comprehension of the pathophysiological aspect of HSC engraftment and the impact of these parameters on the subsequent outcome. Such a limitation can be at least partially overcome by imaging approaches with positron emission tomography (PET)/computed tomography (CT) whose computational analysis has been shown to provide an accurate assessment of BM extension, distribution, and metabolic activity. [14] [15] [16] [17] In the present study, we applied this validated software tool to a series of patients 10 evaluated after IV adult BM transplantation (allogeneic cell transplantation [ACT]) or intrabone cord blood transplantation (CBT) to verify the homing features of transplanted HSCs.
Patients and methods

Patient populations
The study included 34 adult patients affected by different hematologic diseases, evaluated 1 month after transplant by whole body 18F-fluorodeoxyglucose (FDG)PET/CT scan. The study population comprised 23 males and 11 females, with an average age of 40 years (range, 17-65). Patients were referred to PET/CT evaluation for early assessment of treatment response or for suspicion of extramedullary disease. Most were treated for acute myeloid leukemia (AML; n 5 15), followed by acute lymphocytic leukemia (ALL; n 5 9), non-Hodgkin lymphoma (NHL; n 5 6), and multiple myeloma (MM; n 5 4).
Of these patients, 18 received ACT and 16 were treated with CBT because of the absence of HLA-matched donors in a clinically useful time frame. Procedures for ACT and CBT asseverated previously described protocols. 18, 19 Patients' characteristics are shown in Tables 1 and 2 . The treatment plan was reviewed and approved by the local Ethics Committee, and written informed consent was obtained from all patients before any treatment, in accordance with the Declaration of Helsinki.
As requested by our standard operative treatments, myeloablative conditioning regimen and prophylaxis of graft-versus-host disease were accomplished by the conventional integrated approach. Briefly, all patients received fractionated 10 to 12 Gy total body irradiation on days 26, 25, and 24 before transplantation, plus thiotepa (8 mg/kg) on day 28; treosulfan (10-12 g/m 2 daily) on days 27, 26, and 25; fludarabine (40 mg/m 2 per day) from days 27 to 23; and cyclophosphamide (60 mg/kg per day) on days 22 and 21. IV cyclosporin was started on day 27 at a daily dose of 1 mg/kg and tapered from day 190 to day 1180 after transplantation. Mycophenolate mofetil was given at a dose of 15 mg/kg orally twice daily in the first 28 days, and antithymocyte globulin was administered on days 23 and 22 (3 mg/kg). No patient received steroids. All patients received G-CSF.
HSC injection was performed via the IV route in all patients who underwent ACT, whereas patients who submitted to CBT received HSC administration via the intrabone route (4 injections and ;10 7 nucleated cells per kg of body weight).
Peripheral blood cell counts were estimated daily for the first month after transplant and twice weekly thereafter to estimate the median time of successful engraftment, defined as neutrophils .0.5 3 10 9 /L and platelets .20 3 10 9 /L for 3 consecutive days, respectively. 18 Imaging data in transplanted patients were compared with corresponding findings in 34 age-and sex-matched controls, randomly selected from our normalcy database, represented by individuals who submitted to PET/ CT as a long-term control of a completely excised, first-grade melanoma, with negative subsequent radiologic and clinical long-term follow-up for at least 2 years. 10 
PET/CT acquisition and reconstruction
After a minimum of 12 hours fasting, serum glucose was assessed to ensure a glucose level #1 g/L. Weight and height of all patients were measured. The PET imaging started 60 to 75 minutes after tracer administration and was performed in three-dimensional (3D) mode, using an integrated PET/CT scanner (Hirez; Siemens Medical Solutions, Knoxville, TN). The whole body was scanned from vertex to toes in an "arms down" position. PET raw data were reconstructed by means of ordered subset expectation maximization (3 iterations, 16 subsets), and attenuation correction was performed using CT data. The transaxial field of view and pixel size of the reconstructed PET images were 58.5 cm and 4.57 mm, respectively, with a matrix size of 128 3 128. As per standard PET/CT imaging protocol, a 16-detector row helical CT scan was performed with nondiagnostic current and voltage settings, with a gantry rotation speed of 0.5 seconds and table speed of 24 mm per gantry rotation. No contrast medium was injected. The entire CT data set was fused with the 3D PET images using an integrated software interface (Syngo; Siemens Erlangen, Germany).
Image analysis
Image analysis was performed according to the previously validated method. 10 The algorithm identifies the skeleton on CT images by assuming that compact bone is the structure with the highest radiograph attenuation coefficient in the human body. Once it has identified the skeletal border, the program starts the thresholding algorithm, which samples a 2-voxelthick layer and computes its average Hounsfield value. Thereafter, all skeletal voxels having attenuation coefficient equal or above this value are considered as compact bone, and the remaining as trabecular bone. The software output is the extraction and 3D representation of 3 different volumes: skeletal volume (SV), compact bone volume, and trabecular bone volume (IBV). IBV is then voxel-wise multiplied against the PET coregistered data to extract and represent BM metabolic activity. The skull is intentionally excluded from the analysis because brain radioactivity spillover prevents an accurate assessment of IBV FDG uptake in this region. For the purposes of the present study, the computation of whole SVs was completed by a further segmental analysis: vertebrae and sternum accounted for the axial skeleton; humeral, femoral, and tibial/fibular shafts accounted for the appendicular skeleton.
All volumetric data were normalized for IBW. All IBV voxels were subdivided into active or inactive BM according to previously published statistical standards. 10 This criterion assumes that lumbar and thoracic vertebrae are almost fully occupied by ABM in normal subjects. In this district, average standardized uptake value (SUV) was found to be 2.01 6 0.36 in a population of 102 normal subjects. 10 Assuming a normal distribution of these values, ABM was deemed to occupy all IBV voxels with SUV $1.11 (ie, mean 2 2.5 standard deviations below the normal lumbar IBV average); on the other hand, all IBV voxels with tracer uptake index below this cutoff were considered as idle, fatty BM.
Statistical analysis
All data are reported as mean 6 standard deviation. Unpaired or paired Student t tests were used to compare data in different groups or in the same group, as appropriate. The x 2 test was used to verify difference in categorical variables. A P value ,.05 was considered statistically significant. All statistical analyses were carried out using SPSS software version 23 (SPSS Inc., Chicago, IL).
Results
Clinical parameters
As shown in Tables 1 and 2 , age, gender, and baseline characteristics were comparable in patients treated with ACT or CBT. At the evaluation time of PET, 15 out of 16 (93.8%) and 15 out of 18 (83%) patients showed a CR in the CBT and ACT group, respectively (Tables 1  and 2 ; P 5 NS).
As expected, ACT was associated with a faster recovery with respect to CBT: at day 30, platelet counts reached the cutoff value of 20 3 10 9 /L in 15/18 (83%) of patients treated with ACT and only in 4/16 (25%) patients who submitted to CBT (P , .01; Figure 1 and Tables 1 and 2 ). This difference was confirmed by the fact that average platelet counts showed divergent values in the populations at all time points, as reported in Tables 1 and 2 and in Figure 1 . Notably, however, at the latest observation (day 100), only 1 patient in the entire population /L occurred at day 30 in 17/18 (94%) and in 13/16 (81%) of patients in the ACT or CBT group (P , .01). As shown in Tables 1 and 2 and in Figure 1 , their average counts diverged at first evaluation, whereas they became comparable at later time points. 30, 60 , and 100 in the ACT and CBT groups shows a better outcome in patients treated with adult HSCs. Normalized ABM volumes (C) show a significant expansion of hematopoietic tissue within the appendicular skeleton (E), whereas the axial compartment was unchanged (D). Glucose metabolism was increased in both ACT and CBT (F) with a relative increase in the axial skeleton of patients treated with CBT (G) and a marked increase in the appendicular skeleton of both groups (H). Statistical significance is represented as follows: *P , .05; **P , .01.
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ABM distribution and metabolism
Throughout the whole skeleton, both CBT and ACT similarly expanded hematopoietic tissue. In fact, ABM volume was 12.4 6 3 and 12.8 6 6.8 mL/kg IBW after CBT and ACT, respectively, and it was significantly increased when compared with control subjects (8.1 6 2.6 mL/kg IBW, P , .001). On the contrary, overall metabolic activity was only slightly, although significantly, augmented by transplantation, as ABM showed similar SUV in patients treated with CBT (1.96 6 0.39) or ACT (1.96 6 0.39), and both values were moderately increased with respect to control subjects (1.8 6 0.2, P , .05) (Figure 1) . Intriguingly, the most impressive finding after both types of transplantation was a marked increase in ABM volume within the appendicular skeleton. This pattern was relatively more pronounced for ACT that occupied a larger volume of appendicular intraosseous space with respect to CBT (26 6 27% vs 12 6 11%, P , .05). Both data were significantly greater with respect to control values (5 6 6%, P , .001 vs both transplant groups). Overall, appendicular ABM showed a sixfold expansion in ACT group with respect to controls (1.7 6 1 vs 0.3 6 0.2 mL/kg IBW, P , .001), whereas the increase was threefold in the CBT group (0.9 6 0.6 mL/kg IBW, respectively, P , .01 vs controls; Figures 1 and 2) .
On the other hand, metabolic activity (measured as SUV) of ABM within the appendicular skeleton was similarly augmented in both CBT and ACT (1.4 6 0.1 and 1.3 6 0.2, respectively, P 5 NS). These values were significantly higher than those observed in control subjects (1.2 6 0.1, P , .01).
As previously reported, the axial skeleton was almost fully occupied by ABM in control subjects (88.5 6 9.2% of IBV). In this setting, no significant variations were observed in either transplant modality (91.1 6 5.2% and 89.8 6 8.2% of IBV for CBT and ACT, respectively, P 5 NS). Similarly, metabolic activity of hematopoietic tissue was almost unchanged with the only exception of CBT that slightly increased axial BM SUV with respect to controls (2.1 6 0.3 vs 1.9 6 0.3, P , .05), whereas this variable remained unchanged in the ACT group (1.9 6 0.3, P 5 NS vs controls).
Finally, disease status had no influence on ABM volumetric parameters: active volume, both in the axial and appendicular skeleton, was not significantly different between responders and nonresponders in both CBT and ACT groups.
Skeletal structure volumetric data in the patient cohort Total SV was similar in patients treated with either CBT (81 6 13.32 mL/kg IBW) or ACT (80.85 6 12 mL/kg IBW), being close to the value observed in control subjects (86.6 6 24.4 mL/kg IBW, P 5 NS vs both patients groups). However, transplanted patients displayed a remarkable skeletal alteration that was appreciated even at the visual inspection of CT slices, where the cortical bone was notably rarefied and the diameter of the bone canal was enlarged (Figure 3) . Indeed, compact bone volume was markedly eroded in all patients, both in CBT and ACT groups. This finding was attested to by absolute IBV volume as well as by the increased ratio between IBV and SV (40 6 4% and 40 6 7% vs 29 6 5%, for CBT, ACT, and controls, respectively, P , .001) (Figure 3) . Interestingly, this alteration was almost undetectable in axial bone segments, whereas it was evident in long bone shafts where the ratio between medullary cavity and compact bone virtually doubled with respect to the control population (41 6 4% and 42 6 9% vs 18 6 5% for CBT, ACT, and controls, respectively, P , .001; Figure 3 ).
Discussion
To the best of our knowledge, this study represents the first evidence of a peculiar distribution of transplanted BM cells in adult patients. Regardless of its source, transplanted BM showed intense glucose consumption in long bone shafts, which in normal adults are usually occupied by metabolically inert tissues. 1, 10, 13 These findings suggest that in the setting of allogeneic BM transplantation, volumetric and metabolic parameters of ABM are regulated by at least partially different homeostatic pathways. Furthermore, volumetric expansion could be a key feature to meet the hugely increased hematopoietic workload and to achieve the reconstitution of the hematopoietic system in the shortest possible time. For personal use only. on July 15, 2017. by guest www.bloodjournal.org From
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After its introduction in clinical oncology, FDG PET/CT became a major tool to evaluate chemotherapy effectiveness. In several previous studies, serial monitoring of FDG uptake documented that autochthonous BM regeneration after myelotoxic agents is confined to axial skeletal segments and implies a substantial increase in FDG uptake. [21] [22] [23] [24] [25] This response did not occur after allogeneic transplant, as axial segments showed values that were comparable to the ones of control subjects and the marked increase of metabolic activity documented the colonization of appendicular areas.
The divergent BM responses to transplantation and chemotherapy suggest the presence of different regulating mechanisms. In this line, the additional, appendicular bone colonization seems to be a peculiar feature of allotransplanted HSCs. Obviously, the peculiar distribution pattern after transplantation might have been influenced by the accelerated proliferation, maturation, and mobilization of HSCs induced by G-CSF, which is commonly used, both after transplant and chemotherapy, to reduce the time of neutrophil recovery. 4 However, G-CSF does not produce colonization of appendicular bones during BM regeneration after chemotherapy. [21] [22] [23] [24] [25] Thus, we can conclude that the colonization of abandoned BM areas is a "unique feature" of allotransplant and is independent of both administration route (intrabone or IV) and hematopoietic source (cord blood or adult BM).
We found that ACT occupied long bone shafts with higher efficiency with respect to CBT. The difference in appendicular bone colonization between ACT vs CBT might explain, at least in part, the difference in the recovery speed of peripheral blood parameters. Of course, with our technique we cannot document whether there is a skewed representation of individual clones in different bone, as described in the preclinical setting. 4 However, why allogeneic transplanted cells prefer not to "force" cell proliferation in previously active niches but favor to "delocalize" the production of hematopoietic cells in appendicular skeleton may hide an important regulatory mechanism and warrants further investigation. Finally, it is noteworthy that cord blood cells are able to recolonize (at 30 days after CBT) the BM spaces nearly to the same extension with respect to ACT. This observation suggests that the high proliferative potential of cord blood-derived HSCs considerably smoothed the 10-fold difference in the hematopoietic cell number of the graft. 26 Skeletal structure in BM transplant recipients Our computational approach documented a significant reduction in compact bone thickness, mostly evident in the appendicular skeleton. This finding was somewhat expected, on the basis of previous experimental, biological, and radiologic studies, reporting an altered skeletal structure in the presence of leukemia or myeloma. [27] [28] [29] The mechanisms underlying this alteration are largely unknown; however, this finding indicates that disease consequences extend to the whole skeleton, including skeletal segments that are remote from the localization of neoplastic burden. These data confirm the relevant impact of aggressive hematologic malignancies on skeletal structure. In this line, the availability of imaging approaches to the skeletal composition might complement the overall disease characterization, improving our understanding of the neoplasia-bone interactions.
Limitations
Several limitations of the present study have to be carefully considered. First, study patients were submitted to BM transplantation for different hematologic conditions. This variability might imply a heterogeneous alteration in bone structure and in BM space occupancy by transplanted cells. Although, colonization of long bone shafts was observed in virtually all patients, the mechanisms underlying this variability (most likely related to physiological factors, preexisting disease, and transplanted HSC characteristics) cannot be defined on the basis of the present study.
On a technical ground, pertaining the partial volume effect occurring when employing low-current CT settings and potentially causing errors in estimating the intraosseous volume, due to the reduced capability of these CT settings to detect the bone trabeculae, has already been raised. 10, 29 However, previous studies have shown that the figures produced by our software are operator independent and reproducible and that they match, at least in the regional evaluation, current imaging standards. 30 
Conclusions
In summary, these data indicate that allogeneic transplantation of either adult or cord blood HSCs colonize not only the areas of physiological residency of BM but also the appendicular skeleton that, in adult healthy subjects, is not a site of active hematopoiesis any more. This also implies that some hematopoietic niches are rebuilt and /or rejuvenated, in order to restore hematopoiesis.
Understanding the pathophysiology of this response will help in defining the nature of mechanisms governing BM extension in adulthood and could stimulate further and newer approaches in order to better understand the mechanisms regulating homing and colonization of transplanted HSCs.
